Binding of APOBEC3G to the nucleocapsid (NC) domain of the human immunodeficiency virus (HIV) Gag polyprotein may represent a critical early step in the selective packaging of this antiretroviral factor into HIV virions. Previously, we and others have reported that this interaction is mediated by RNA. Here, we demonstrate that RNA binding by APOBEC3G is key for initiation of APOBEC3G:NC complex formation in vitro. By adding back nucleic acids to purified, RNase-treated APOBEC3G and NC protein preparations in vitro, we demonstrate that complex formation is rescued by short ($10 nucleotides) singlestranded RNAs (ssRNAs) containing G residues. In contrast, complex formation is not induced by add-back of short ssRNAs lacking G, by dsRNAs, by ssDNAs, by dsDNAs or by DNA:RNA hybrid molecules. While some highly structured RNA molecules, i.e., tRNAs and rRNAs, failed to rescue APOBEC3G:NC complex formation, other structured RNAs, i.e., human Y RNAs and 7SL RNA, did promote NC binding by APOBEC3G. Together, these results indicate that ternary complex formation requires ssRNA, but suggest this can be presented in the context of an otherwise highly structured RNA molecule. Given previous data arguing that APOBEC3G binds, and edits, ssDNA effectively in vitro, these data may also suggest that APOBEC3G can exist in two different conformational states, with different activities, depending on whether it is bound to ssRNA or ssDNA.
INTRODUCTION
The human APOBEC3G (A3G) protein is the prototype of a family of cytidine deaminases that function as antiretroviral defense factors (Sheehy et al. 2002; for review, see Cullen 2006) . APOBEC3 proteins exert their inhibitory activity by being selectively packaged into retroviral virion particles (Alce and Popik 2004; Cen et al. 2004; Schafer et al. 2004; Svarovskaia et al. 2004; Wiegand et al. 2004; Zennou et al. 2004 ) and then interfering with reverse transcription of the retroviral RNA genome during the next infection cycle, at least in part by editing dC residues present in the nascent proviral DNA minus strand to dU (Harris et al. 2003; Mangeat et al. 2003; Shindo et al. 2003; Zhang et al. 2003; Yu et al. 2004; Miyagi et al. 2007; Schumacher et al. 2008) . While there has been considerable work on the mechanism(s) by which the packaged A3G protein interferes with retroviral virion infectivity, the first step in the process, i.e., selective virion packaging, has remained poorly understood. A3G and/or other APOBEC3 proteins are able to inhibit a very wide range of retroviruses, including lentiviruses such as HIV-1 as well as members of the foamy virus family (e.g., primate foamy virus; Lochelt et al. 2005; Russell et al. 2005 ), a-retroviruses (e.g., Rous sarcoma virus; Wiegand and Cullen 2007) , b-retroviruses (e.g., Mason-Pfizer monkey virus) , g-retroviruses (e.g., murine leukemia virus) (Kobayashi et al. 2004; Doehle et al. 2005) , and human Tcell leukemia virus (Derse et al. 2007 ). Moreover, several APOBEC3 proteins have been shown to also function as inhibitors of endogenous retroviruses and LTR-retrotransposons, including the yeast retrotransposon Ty1 (Dutko et al. 2005; Esnault et al. 2005; Schumacher et al. 2005; Bogerd et al. 2006; Chen et al. 2006) . In all cases where this has been examined, inhibition has been shown to correlate with the specific packaging of the inhibitory APOBEC3 protein into retroviral virions or retrotransposon virus-like particles (VLPs) (Kao et al. 2003; Doehle et al. 2005 Doehle et al. , 2006 Dutko et al. 2005; Derse et al. 2007; Goila-Gaur et al. 2007; Huthoff and Malim 2007; Opi et al. 2007; Aguiar et al. 2008 ). However, given the lack of any obvious protein sequence similarity across these very diverse retroelement families, the identity of the common target that is recognized by the APOBEC3 proteins, leading to virion or VLP incorporation, has remained unclear.
The majority of the published work focusing on A3G packaging into retroviral virions has used HIV-1 as a model system. This work has demonstrated that the HIV-1 Gag protein is sufficient for packaging of A3G into budding virion particles (Alce and Popik 2004; Cen et al. 2004; Schafer et al. 2004; Zennou et al. 2004) . Within Gag, the key determinant is the nucleocapsid (NC) protein, and NC is both necessary for packaging of A3G into released virions and sufficient for specific binding to A3G in vitro (Alce and Popik 2004; Cen et al. 2004; Luo et al. 2004; Schafer et al. 2004; Zennou et al. 2004; Burnett and Spearman 2007 ).
An interesting, and poorly understood, aspect of A3G: NC complex formation is that this in vitro interaction is blocked by treatment with RNase A, i.e., complex formation is RNA dependent (Schafer et al. 2004; Svarovskaia et al. 2004; Zennou et al. 2004; Khan et al. 2005; Burnett and Spearman 2007) . Here, we have analyzed this requirement in detail. We show that single-stranded RNA (ssRNA) renders A3G capable of forming a complex with HIV-1 NC, while RNA binding by NC, at least prior to complex formation, is dispensable. Fully double-stranded RNA (dsRNA), dsDNA, ssDNA, or DNA:RNA hybrids are unable to promote A3G:NC complex formation. This is intriguing, given the fact that A3G is known to bind ssDNA in vitro (Iwatani et al. 2006) and that it edits ssDNA substrates using its cytidine deaminase activity (Harris et al. 2003; Yu et al. 2004 ). Together, these data suggest that RNA binding by A3G serves to render A3G competent for incorporation into retroviral virion particles, while ssDNA binding may be selectively involved in the execution phase of A3G's biological activity, once reverse transcription of virion incorporated RNAs has initiated.
RESULTS
As a first step toward defining the role played by nucleic acids in mediating recruitment of A3G to the HIV-1 NC protein, we wished to confirm the previously reported observation (Alce and Popik 2004; Cen et al. 2004; Schafer et al. 2004; Zennou et al. 2004 ) that recombinant A3G binds NC specifically in vitro. For this purpose, we purified recombinant glutathione-S-transferase (GST) fused to fulllength HIV-1 NC from bacteria. This fusion protein also contained the flanking amino-terminal (p2) and carboxyterminal (p1) linker regions present in HIV-1 Gag. Nonfused GST was also prepared as a control. Full-length human A3G was expressed in transfected 293T cells as an A3G-Myc-His fusion protein (Khan et al. 2005) . Similar Myc-His fusion proteins containing green fluorescent protein (GFP-Myc-His), firefly luciferase (Luc-Myc-His), or full-length human APOBEC3A (A3A-Myc-His) were also expressed in transfected 293T cells.
At 44 h after transfection, cells expressing the above fusion proteins were lysed, and the lysates were clarified by centrifugation and then used directly for Western analysis or binding assays. As shown in Figure 1A , the A3G-MycHis fusion protein bound to recombinant bacterial GST-NC but not to GST itself (lanes 1 and 2). In contrast, GFP-Myc-His, Luc-Myc-His, and A3A-Myc-His all failed to detectably interact with GST-NC (Fig. 1A, lanes 3-5) , even though they were expressed in the input lysate at comparable levels. The inability of A3A to interact with HIV-1 NC correlates with the inability of A3A to package into virion cores and inhibit HIV-1 infectivity Aguiar et al. 2008) . We conclude that A3G indeed binds the HIV-1 NC protein specifically in vitro, as FIGURE 1. Formation of a specific complex between A3G and HIV-1 NC. (A) 293T cells were transfected with plasmids expressing A3G-Myc-His, GFP-Myc-His, Luc-Myc-His, or A3A-Myc-His. At 44 h after transfection, the cells were lysed and the lysates incubated with recombinant purified GST (lane 1) or GST-NC (lanes 2-5). Bound complexes were then collected using glutathione agarose beads. Input lysates (upper panel, 5% of total) and bound proteins (middle panel, 25% of total) were then visualized by Western analysis using an antiMyc polyclonal antiserum. GST fusion proteins and non-fused GST were visualized by Western analysis using an anti-GST polyclonal (lower panel). (B) Similar to panel A, except that the 293T cells were transfected with plasmids expressing HA-tagged forms of A3A, A3G, A3G-E1, or A3G-E1+2. GST-NC bound proteins were collected using glutathione agarose beads and input lysates (5% of total) and bound proteins (25% of total) visualized by Western analysis using an HAspecific mouse monoclonal antibody. GST-NC (lower panel) was visualized as described in panel A.
previously reported (Alce and Popik 2004; Cen et al. 2004; Schafer et al. 2004; Zennou et al. 2004) .
The A3G protein contains two cytidine deaminase active (CDA) site consensus sequences, although only the more carboxy-terminal active site is enzymatically active (Hache et al. 2005; Navarro et al. 2005; Newman et al. 2005; Bogerd et al. 2007 ). The CDA sites also mediate nucleic acid biding by A3G (Iwatani et al. 2006) , and both CDAs, but particularly the amino-terminal CDA, have been reported to play an important role in A3G virion incorporation (Navarro et al. 2005; Newman et al. 2005; Bogerd et al. 2007) .
To address the physiological relevance of the observed in vitro A3G:Gag interaction, we asked whether HA-tagged A3G proteins bearing mutant CDAs would be able to bind Gag. The previously described (Bogerd et al. 2007 ) A3G-E1 mutant bears a glutamic acid to glutamine mutation at position 67 (E67Q), which disrupts the function of the amino-terminal CDA, while the A3G-E1+2 mutant contains not only the E67Q mutation but also a second mutation, E259Q, which mutates the analogous glutamic acid in the carboxy-terminal CDA to glutamine. The A3G-E1+2 mutant therefore lacks both an intact CDA and enzymatic activity (Bogerd et al. 2007) . Previous work has shown that the A3G-E1 mutation is poorly packaged into HIV-1 virions, while A3G-E1+2 is not detectably packaged (Bogerd et al. 2007) . Similarly, while the wild-type HAtagged A3G protein bound the HIV-1 NC capsid effectively (Fig. 1B , lane 2), recombinant HA-tagged A3G-E1 showed weak but detectable binding and A3G-E1+2 failed to bind HIV-1 NC detectably (Fig. 1B, lanes 3,4) . As expected, A3A-HA failed to detectably bind the HIV-1 NC protein (Fig. 1B, lane 1) . These data are consistent with the hypothesis that the ability of A3G mutants to bind to HIV-1 Gag correlates with the efficiency of packaging into HIV-1 virion particles.
RNA binding renders A3G competent to bind HIV-1 NC
Both A3G and HIV-1 NC are known to bind RNA (Damgaard et al. 1998; De Guzman et al. 1998; Navarro et al. 2005; Iwatani et al. 2006) , and several groups have previously reported that formation of the NC:A3G complex is RNA dependent (Schafer et al. 2004; Svarovskaia et al. 2004; Zennou et al. 2004; Khan et al. 2005; Burnett and Spearman 2007) . We wished to confirm this result and to ask whether NC:A3G binding requires RNA binding by NC, by A3G or by both proteins. For this purpose, we isolated A3G-Myc-His protein from transfected 293T cells and measured its ability to bind to purified bacterial GST-NC in the presence or absence of copurifying RNA.
As shown in Figure 2 (lane 3), the purified A3G-Myc-His protein again bound the GST-NC fusion protein effectively in vitro. This interaction was, however, blocked if both the A3G-Myc-His and the GST-NC proteins, or the A3G-MycHis protein alone, had been previously incubated with RNase A (lanes 4 and 6). This treatment had no apparent effect on the electrophoretic mobility of either protein (Fig.  2) . In contrast, extensive incubation of only the recombinant GST-NC with RNase A, prior to elution from the glutathione-agarose beads, had no effect on complex formation (Fig. 2 , lane 5). Therefore, these data indicate that it is RNA binding by A3G, not RNA binding by NC, that is critical for initiation of A3G:NC complex formation.
Rescue of A3G:NC complex formation by ssRNAs
We next asked if we could rescue formation of the A3G:NC complex by adding back RNA to the RNase A-treated recombinant proteins. As shown in Figure 3A (lanes 5-10), we indeed observed a dose-dependent reconstitution of A3G:NC complex formation when we added increasing amounts of a commercial preparation of fragmented Torulla yeast RNA. Although this preparation was claimed to consist of random 300-500-nucleotide (nt) RNA fragments, gel analysis of this preparation showed that it, in fact, consisted of small RNA oligonucleotides that migrated more rapidly than a preparation of purified yeast tRNAs, which are expected to be only 70-80 nt in length (Fig. 3C , cf. lanes 1 and 2). Nevertheless, this result clearly demonstrated that added RNA could reconstitute NC binding by RNase A-treated A3G. To extend these data, we next asked if A3G:NC complex formation could be rescued by the yeast tRNA preparation analyzed in Figure 3C (lane 2) or by a preparation of total human cell RNA (Fig. 3C, lane 3) . As shown in Figure 3B (lane 4), yeast tRNA was not able to rescue complex formation, while rescue by total human RNA was very weak (Fig. 3B, lane 5) .
It has previously been reported that, while A3G binds to ssRNA with high affinity, A3G does not bind dsRNA FIGURE 2. RNase A treatment of A3G blocks formation of an A3G:NC complex. A3G-Myc-His was purified from transfected 293T cells and either left untreated or incubated with RNase A, as indicated. Similarly, GST-NC was purified from bacteria and left untreated or incubated with RNase A. Treated or untreated protein samples were then mixed and incubated together, and any A3G:NC complexes collected using glutathione-agarose beads. The input A3G proteins are shown in the upper panel, lanes 1 and 2, while the bound A3G proteins are shown in lanes 3-6. The GST-NC protein used is shown in the lower panel. Proteins were visualized by Western analysis using a rabbit polyclonal anti-A3G antiserum (upper panel) or an anti-GST polyclonal antibody (lower panel). (Iwatani et al. 2006) . We therefore considered the possibility that the poor rescue seen with yeast tRNA and total human RNA (Fig. 3B ) was due to the fact that tRNAs are highly structured while total human RNA consists largely of rRNA (Fig. 3C, lane 3) , which is also highly structured. To address this issue for total human RNA, we subjected this RNA preparation to either one round (Fig. 3C, lane 4) or two rounds (Fig. 3C , lane 5) of oligo dT purification, which greatly decreased the level of rRNA in these preparations, while increasing the relative level of less-structured mRNA molecules (Fig. 3C, lanes 3-5) . As shown in Figure 3B , the level of rescue of A3G:NC complex formation observed after addition of the same amount of (primarily) poly(A) + human RNA was significantly enhanced when compared to the level of complex formation seen with unfractionated total human RNA (Fig. 3B , cf. lane 5 and lanes 6,7). Therefore, these data suggest that A3G:NC complex formation is effectively rescued by total human poly(A) + RNA but is not rescued by either yeast tRNA or by human rRNA, i.e., by highly structured RNA species. In contrast, previous work has reported that A3G is found complexed with Y RNAs and 7SL RNA in human cells (Chiu et al. 2006; Wang et al. 2007 ) and has suggested that 7SL might actually be critical for A3G packaging into HIV-1 virions. Importantly, both Y RNAs and 7SL are short, structured noncoding RNAs.
To address this apparent contradiction, we generated recombinant human Y4 and 7SL RNA and asked whether these RNAs could rescue HIV-1 NC binding by A3G in vitro. As shown in Figure 3D , Y4 RNA and 7SL RNA clearly differed from yeast tRNA in that they would indeed support this protein:protein interaction. A similar rescue was also seen with recombinant human Y1 and Y3 RNA (data not shown). One potential caveat with this result is that we cannot be sure that the recombinant Y4 or 7SL RNAs are fully and/or appropriately folded. However, gel analysis shows that both RNAs are of the expected size and readily stained by the intercalating dye ethidium bromide, which only binds to dsRNA (data not shown).
We wished to ask whether A3G:NC complex formation required a specific RNA sequence and whether there was a length requirement for the RNA. As shown in Figure 4A , complex formation was efficiently rescued by recombinant, random ssRNAs of 66 nt, 36 nt, or 21 nt. This result therefore implies that any ssRNA sequence requirement for complex formation must be fairly limited, i.e., NC binding by A3G is unlikely to require a unique RNA sequence present in only one or a few specific RNAs present in the human cell.
We next asked if 22-nt-long synthetic ssRNAs consisting entirely of G and A (rGA-22), G and U (rGU-22), C and U (rCU-22), or C and A (rCA-22) would rescue A3G:NC complex formation. As shown in Figure 4B , A3G:NC complex formation was efficiently rescued by rGA-22 (Fig. 4B,  lane 3) and by a 22-nt-long random ssRNA (Fig. 4B, lane 7) , www.rnajournal.org 1231 but was not rescued by the similar rCU-22 or rCA-22 (Fig. 4B, lanes 5,6) . The rGU-22 oligonucleotide gave a weak, intermediate level of rescue (Fig. 4B, lane 4) . While truncation of the rGA-22 oligomer to 15 nt did not inhibit complex formation (Fig. 4B, lane 10) , further truncation to 10 nt did significantly reduce complex formation (Fig. 4B,  lane 11) . Together, these data argue that formation of the A3G:NC complex can be rescued by single-stranded RNAs of $10 nt in length that contain G residues.
We also examined whether complex formation could be enhanced by addition of ssDNA, dsDNA, or DNA:RNA hybrid molecules. As shown in Figure 5A , the ability of the synthetic rGA-22 to rescue A3G:NC complex formation (Fig. 5A, lane 8) was blocked when this oligonucleotide was annealed to a fully complementary RNA molecule (Fig. 5A , rCU, lane 6) or DNA molecule (Fig. 5A, dCT, lane 5) . Moreover, complex formation was not rescued by ssDNA oligonucleotides of 22 nt in length (Fig. 5A, lanes 10,11) or by a dsDNA of 22 base pairs (Fig. 5A, lane 7) . This is of interest, given previous data showing that A3G readily binds ssDNA molecules of $16 nt in vitro (Iwatani et al. 2006) .
To confirm that the inability of ssDNA to rescue A3G: NC complex formation is not due to the specific sequence or short length of the 22-nt-long ssDNAs tested in Figure  5A , we also analyzed the effect of denatured salmon testes DNA, bacteriophage M13 genomic ssDNA, or 63-nt and 22-nt random ssDNA oligonucleotides. In none of these cases was complex formation observed when RNase Atreated A3G and recombinant GST-NC were incubated together (Fig. 5B) . We conclude that formation of the A3G:NC complex can be rescued by the addition of Gcontaining ssRNA molecules with a minimum length of $10 nt. In contrast, complex formation is not induced by the addition of dsRNA, ssDNA, dsDNA, or DNA:RNA hybrid molecules.
DISCUSSION
Several lines of evidence have previously demonstrated that the human A3G protein binds RNA both in vitro and in vivo. First, recombinant A3G has been previously shown to directly bind ssRNA, as well as ssDNA, but not either dsRNA or dsDNA in vitro Navarro et al. 2005; Iwatani et al. 2006) . Second, binding of A3G by NC in vitro requires RNA and a ternary complex consisting of A3G, NC, and RNA has been reported (Iwatani et al. 2006 ). Finally, in dividing cells, A3G has been found to form a ''high molecular mass'' (HMM) ribonucleoprotein complex that consists of A3G, a wide range of cellular RNAs, and almost 100 different cellular RNA binding proteins (Chiu et al. 2006; Kozak et al. 2006; Wichroski et al. 2006; Gallois-Montbrun et al. 2007 ). The HMM complex falls apart when treated with RNase A, thus suggesting that almost all of these cellular proteins are bound to A3G indirectly, via bridging RNA molecules.
In this article, we have focused on the nucleic acid requirements for formation of the A3G:NC complex that is thought to mediate packaging of A3G into retroviral particles. Our data argue that short stretches of ssRNA are necessary and sufficient to render A3G competent to bind NC in vitro (Fig. 2) . Perhaps surprisingly, given the known affinity of NC for RNA (Damgaard et al. 1998; De Guzman et al. 1998; Iwatani et al. 2006) , exhaustive incubation of the recombinant GST-NC fusion protein used in these experiments with RNase A did not affect the ability of GST-NC to bind A3G in vitro (Fig. 2) . The hypothesis that it is A3G binding to RNA, rather than NC binding to RNA, which is critical for at least the initial step in A3G:NC complex formation is also supported by our observation that complex formation by RNase A-treated A3G can be rescued by add-back of 15-nt-long, or even 10-nt-long, ssRNA oligonucleotides (Fig. 4B) , as it has previously been reported that ssRNAs of <18 nt in length bind HIV-1 NC very inefficiently (Iwatani et al. 2006) .
The observation that formation of a complex between RNase A-treated A3G and GST-NC can be rescued by addback of RNA (Figs. 3, 4 ) allowed us to examine in some detail which nucleic acid molecules could support this activity. Our results demonstrate that some highly structured RNAs (i.e., tRNA, as well as rRNA) (Fig. 3B ) or fully dsRNAs (Fig. 5A ) are unable to support A3G:NC complex formation. In contrast, human Y4 RNA and 7SL RNA were able to support NC:A3G complex formation, even though these RNA are also highly structured (Fig. 3D) . The observation that very short ssRNAs can also support NC: A3G complex formation (Fig. 4) may suggest that ssRNA bulges and loops present in Y4 and 7SL RNA are of sufficient length to support this interaction, while tRNA and rRNA may be folded too tightly to be active in this assay. Together, these data are consistent with earlier reports demonstrating that A3G interacts with Y RNAs and 7SL RNA in vivo (Chiu et al. 2006; Wang et al. 2007 ) yet is incapable of binding fully double-stranded RNAs (Iwatani et al. 2006 ).
Our results demonstrate that short random ssRNAs of $21 nt in length (Fig. 4A) are capable of supporting complex formation (Fig. 4A) . Further analysis revealed that 22-nt-long ssRNA oligonucleotides consisting entirely of G and A residues rescued complex formation efficiently (Fig. 4B) while a similar oligonucleotide consisting of G and U residues showed partial activity (note that the rGU-22 oligonucleotide was designed to be only poorly selfcomplementary). In contrast, 22-nt-long rCU-22 and rCA-22 ssRNAs failed to rescue A3G:NC complex formation (Fig. 4B) . This was surprising, as one would predict that a protein with cytidine deaminase activity might prefer to bind to ssRNAs containing C residues. However, we note that Iwatani et al. (2006) have previously reported that A3G preferentially binds ssDNA molecules containing dT or dU-not dC-residues. Alternatively, RNA binding by A3G may be entirely sequence nonspecific and the preference for G residues for ternary complex formation may actually be conferred by NC. Consistent with this latter hypothesis, Navarro et al. (2005) , using gel-shift analysis, observed that A3G bound ssRNA nonspecifically, while De Guzman et al. (1998) have reported that RNA binding by HIV-1 NC requires G residues in the target RNA. This suggests a model for NC binding by A3G in which A3G first binds to cellular or viral RNAs and formation of the subsequent RNA:A3:NC ternary complex then requires more specific contacts between NC and both A3G and the A3G-bound RNA. This model could explain previous reports suggesting that HIV-1 genomic RNA is particularly effective at facilitating A3G virion packaging (Khan et al. 2005) , even though it is not essential (Schafer et al. 2004; Zennou et al. 2004) .
Although A3G is known to bind ssDNAs effectively (Iwatani et al. 2006) , several ssDNAs failed to support A3G:NC complex formation (Fig. 5) . Perhaps surprisingly, we also failed to see any evidence of inhibition of A3G:NC complex formation when RNase-treated A3G and GST-NC were preincubated with ssDNA prior to the addition of ssRNA to the reaction (data not shown). This result suggests either that the A3G can bind both ssRNA and ssDNA simultaneously or that the affinity of A3G for ssRNA is much higher than its affinity for DNA. However, previous research has suggested that the affinity of A3G for ssRNA and ssDNA is comparable (Iwatani et al. 2006) , so this negative result remains difficult to understand.
In total, our data argue that formation of the A3G:NC complex requires short stretches of ssRNA that contain G residues. On this basis, it appears likely that a wide range of cellular RNAs, including mRNAs, but apparently not tRNAs or rRNAs (Fig. 3B) , could support A3G virion packaging. As noted above, our data also suggest that human Y RNAs and 7SL RNA, while clearly structured, nevertheless contain short stretches of ssRNA that are sufficient to support NC-A3G complex formation (Fig. 3D) . However, these observations do not appear consistent with the hypothesis that 7SL is uniquely capable of supporting Gag binding by A3G (Wang et al. 2007) , and previous work (Chiu et al. 2006; Kozak et al. 2006; Gallois-Montbrun et al. 2007 ) certainly suggests that A3G binds to a very wide range of cellular RNAs in vivo.
The observation that RNA binding is required to render A3G capable of binding to NC (Fig. 2) is also interesting in light of recent data suggesting that HIV-1 preferentially packages newly synthesized A3G, rather than the RNAbound A3G found in the HMM complex (Soros et al. 2007 ). While our data do not directly bear on this question, they do argue that this newly synthesized A3G must also bind RNA in order to become competent for virion incorporation.
MATERIALS AND METHODS

Plasmid construction
Plasmids able to express the HA-tagged version of human A3A, wild-type human A3G, as well as the A3G-E1 and A3G-E1+2 mutants, have been previously described (Bogerd et al. , 2007 . A bacterial plasmid (pGEX4T-NC) expressing GST fused to the p2:NC:p1 region of HIV-1 Gag was prepared by PCR amplification of the relevant region of HIV-1 Gag, followed by insertion into the BamHI and XhoI sites present in pGEX4T (Pharmacia). A plasmid (pcDNA3.1 human APOBEC3G-Myc-6xHis) that expresses full-length human APOBEC3G, linked to a carboxyterminal Myc tag and six histidine residues, in mammalian cells has been previously described (Khan et al. 2005) . Analogous vectors expressing humanized green fluorescent protein (GFP), firefly luciferase (Luc), or human APOBEC3A (A3A) were prepared by the in-frame substitution of PCR-generated open reading frames (ORFs) encoding these three proteins in place of the A3G ORF.
Protein purification
Escherichia coli strain BL21 was transformed with pGEX4T or pGEX4T-NC and protein expression induced by incubation in the presence of 1 mM IPTG (Invitrogen) for 4 h. Cells were collected and lysed by incubation in PBS supplemented with 1% NP40, 100 mg/mL of DNase I (bovine pancreatic DNase I, Roche), Complete EDTA-free protease inhibitors (Roche), and 5 mg/mL lysozyme (Sigma). The lysates were then sonicated for 1 min and clarified by centrifugation (10 min at 13,000 rpm). The clarified supernatant was then bound to washed glutathione-agarose beads (GE Healthcare) for 30 min at 4°C, and the beads washed extensively with PBS/1% NP40. The washed beads were then left untreated or were incubated with 34 mg/mL of RNase A (Sigma) in buffer A (150 mM NaCl, 10 mM TRIS at pH 7.5, 0.5% NP40) for 1 h at room temperature before being washed extensively with PBS/1% NP40. Bound proteins were then eluted using 10 mM glutathione (Sigma) in 0.5 M NaCl, 50 mM TRIS (pH 8.0). Eluted proteins were concentrated and dialyzed against PBS by centrifugation through Centricon-10 columns (Amicon).
For preparation of recombinant A3G, 2 3 10 6 293T cells were transfected with 10 mg of the A3G-Myc-His expression vector, using the calcium phosphate procedure. At 44 h after transfection, cells were lysed in His lysis buffer (500 mM NaCl, 20 mM TRIS at pH 7.5, 20 mM imidazole, 100 mg/mL pancreatic DNase I, and 0.5% NP40, supplemented with protease inhibitors). The resultant lysates were sonicated for 1 min and centrifuged for 10 min at 13,000 rpm to remove insoluble material. The supernatants were then bound to Ni-NTA agarose (Qiagen) for 30 min at 4°C and washed extensively with His lysis buffer. Bound samples were left untreated or were incubated with 34 mg/mL of RNase A, as described above, for 1 h at room temperature and were then again extensively washed with His lysis buffer. Bound proteins were then eluted using lysis buffer supplemented to 500 mM imidazole.
Binding assays
Binding assays were performed using either cell lysates containing A3G-HA or A3G-Myc-His, or using partially purified A3G-MycHis protein. For lysate preparation, 2 3 10 6 293T cells were transfected with 10 mg of pK/A3G-HA, pK/A3G-E1-HA, pK/A3G-E1+2-HA, pK/A3A-HA, pA3G-Myc-His, pA3A-Myc-His, pLuc-Myc-His, or pGFP-Myc-His using the calcium phosphate procedure. At 44 h after transfection, cells were lysed in 2 mL of buffer A supplemented with protease inhibitors (Roche). After clarification by centrifugation, as described above, the supernatants were used directly in binding assays. In this case, 50 mL of glutathione-agarose beads, 1 mL of the supernatant, and z250 ng of purified GST or GST-NC were incubated together at 4°C for 60 min. The agarose beads were washed four times with buffer A and bound proteins eluted using 100 mL of an SDS-acrylamide gel loading buffer containing b-mercaptoethanol. Bound (25% of total) and input (5% of total) proteins were then analyzed by Western blot using a rabbit anti-Myc polyclonal antiserum (Abcam), a mouse monoclonal anti-HA antibody (Covance), or a rabbit anti-GST polyclonal antibody (Santa Cruz), followed by visualization using enhanced chemiluminescence.
When binding assays were performed using the purified proteins described above, z250 ng of GST or GST-NC (6 RNase A treatment) and z125 ng of A3G-Myc-His (6 RNase A treatment) were incubated with 50 mL of glutathione-agarose beads for 20 min at room temperature in 1 mL of buffer B (350 mM NaCl, 0.5% NP40, 20 mM TRIS at pH 7.5, 200 mg/mL Bovine Serum Albumin [NEB] , 40 units of RNase Out [Invitrogen] ). RNA samples were added at the beginning of the incubation period, as indicated in the figures. After incubation, the glutathioneagarose beads were washed four times with buffer B and bound proteins eluted using 100 ml of SDS-acrylamide gel loading buffer containing b-mercaptoethanol. Bound (25% of total) and input (5% of total) proteins were then analyzed by Western blot using a rabbit anti-A3G antiserum (Marin et al. 2003) or a rabbit anti-GST polyclonal antibody.
Nucleic acid samples
Yeast RNA and yeast tRNA were purchased from Ambion. Human total RNA was prepared from Jurkat T-cells using Tri Reagent (Sigma). Human poly(A) + RNA was purified using oligo dT cellulose using standard techniques. Human Y4 and 7SL RNAs were transcribed in vitro using a T7 polymerase Megascript kit and PCR-generated templates that incorporated the T7 promoter into the sense primer.
RNAs of 66 nt (r66), 36 nt (r36), or 21 nt (r21) were generated using a T7 polymerase MegaScript kit (Ambion) and linearized pGem5Z(f)+ or pGem3Z(f)+ plasmids.
The sequences of the in vitro transcribed RNAs are as follows.
For r66 transcribed from pGEM5Zf(+), linearized with Not I: 59-GGGCGAAUUGGGCCCGGACGUCGCAUGCUCCCGGCCG CCAUGGCCGCGGAUAUCACUAGUGCGGCC-39. For r36 transcribed from pGEM3Zf(+), linearized with Xba I: 59-GGGCGAAUUCGAGCUCGGUACCCGGGGAUCCUCUAG-39.
For r21 transcribed from pGEM3Zf(+), linearized with Asp 718: 59-GGGCGAAUUCGAGCUCGGUAC-39.
All synthetic RNAs of 22 nt, 15 nt, or 10 nt in length were purchased from IDT: rGA-22: 59-GGAAGGGAAAAGGGGAAAGAGG-39;
